Members of the genus Yatapoxvirus, which include Tanapox virus (TPV) and Yaba monkey tumor virus, infect primates including humans. Two strains of TPV isolated 50 years apart from patients infected from the equatorial region of Africa have been sequenced. The original isolate from a human case in the Tana River Valley, Kenya, in 1957 (TPV-Kenya) and an isolate from an infected traveler in the Republic of Congo in 2004 (TPV-RoC). Although isolated 50 years apart the genomes were highly conserved. The genomes differed at only 35 of 144,565 nucleotide positions (99.98% identical). We predict that TPV-RoC encodes 155 ORFs, however a single transversion (at nucleotide 10241) in TPV-Kenya resulted in the coding capacity for two predicted ORFs (11.1L and 11.2L) in comparison to a single ORF (11L) in TPV-RoC. The genomes of TPV are A + T rich (73%) and 96% of the sequence encodes predicted ORFs. Comparative genomic analysis identified several features shared with other chordopoxviruses. A conserved sequence within the terminal inverted repeat region that is also present in the other members of the Yatapoxviruses as well as members of the Capripoxviruses, Swinepox virus and an unclassified Deerpox virus suggests the existence of a conserved near-terminal sequence secondary structure. Two previously unidentified gene families were annotated that are represented by ORF TPV28L, which matched homologues in certain other chordopoxviruses, and TPV42.5L, which is highly conserved among currently reported chordopoxvirus sequences.
tebrate and insect hosts, respectively (Buller et al., 2005) . Characteristic features of poxviruses include a cytoplasmic life cycle, a large virion size and large genome compared to other viruses (Moss, 2007) . Poxviruses contain a linear, double-stranded DNA genome with palindromic, covalentlyclosed ends. Sequenced poxvirus genomes vary from ∼134 to ∼360 kbp in length and 130 to 328 open reading frames (ORFs) can be predicted from the sequences. At the ends of poxvirus DNA genomes are mirror image terminal inverted repeat (TIR) regions, however, among different strains the lengths of the TIR regions vary from a few hundred nucleotides, such as in Variola virus (VARV) , to approximately 12 kbp, such as in Shope fibroma virus (SHFV) . In general, the chordopoxvirus genome is organized so that the essential housekeeping genes, including those required for transcription, replication and morphogenesis, are located within the central region of the genome. Genes nearer to the DNA ends are generally more variable and encode for a wide variety of functions, including genes dedicated to ensure virus replication within the host by modulating the host innate and adaptive immune response (Seet et al., 2003) .
The genomic DNA sequences of over 100 different poxvirus strains have been determined. The particular poxvirus sequences used in the present study are listed in Table 1 . All of the sequences used are available through GenBank and two curated poxvirus sites-www.poxvirus.org/ and www.biovirus.org/.
There are two species in the genus Yatapoxvirus: Yaba monkey tumor virus (YMTV) and Tanapox virus (TPV). Both species have caused human infection. A previously sequenced poxvirus, Yaba-like disease virus (YLDV) (Lee et al., 2001) , is a TPV from an infected non-human primate Espana et al., 1971; Esposito and Fenner, 2001; McNulty et al., 1968) . TPV and YLDV are suspected to be transmitted by arthropod vectors and both produce a similar rash illness, fever with prodromal symptoms that is followed by the development of few nodular skin lesions (Downie and Espana, 1972; Damon, 2007; Knight et al., 1989) . In contrast, YMTV produces a very distinct disease, primarily in non-human primates, which is characterized by epidermal histiocytomas of the head and limbs (Downie and Espana, 1972; Knight et al., 1989) . The observed biological differences between YMTV and YLDV are likely explained by the 82% nucleotide identity and an approximately 10 kbp deletion from YMTV compared to YLDV Downie and Espana, 1972; Espana et al., 1971; Knight et al., 1989; Lee et al., 2001) .
A previous study, in which the genome of YMTV was sequenced, examined the conservation of certain gene families that were found to be below the usual 50 codon cutoff . To further this research, two isolates of TPV were sequenced; one is the first isolate from a 1957 human outbreak of TPV in the Tana River valley in Kenya (TPV-Kenya) and the other was isolated from an infected college student traveling in the Congo Basin in the Republic of Congo (TPVRoC) (Dhar et al., 2004) . The current study is a comparative genomic analysis of these two isolates of TPV that are from discrete geographic regions of Africa and isolated 50 years apart. Comparative genomics reported here reveals the similarities and differences within and without Yatapoxviruses. In particular, the genetic relationships of TPV with sequenced isolates of the genera Capripoxvirus and Suipoxvirus and an unclassified Deerpox virus are explored.
Materials and methods

Genomic sequencing
Sequencing was performed essentially as described elsewhere (Esposito et al., 2006) . Briefly, TPV genomic DNA was extracted from cells infected with TPV-Kenya (Knight et al., 1989) and TPV-RoC (Dhar et al., 2004) . The genomic DNA was used as template for production of a set of 14 overlapping polymerase chain reaction (PCR) amplicons that span virtually the entire viral genome. Amplicons of 10-12 kbp each were produced using the Expand High Fidelity PCR System (Roche Applied Science, Indianapolis, IN, USA). The product of eight identical PCR mixtures for each amplicon were pooled and treated with ExoSap-IT (USB Corporation, Cleveland, OH, USA) to reduce PCR errors in the amplicon templates, which were used for primer-walking cycle-sequencing reactions. Cycle sequencing reactions used Applied Biosystems (PE Biosystems, Foster City, CA, USA) Big-Dye 3.1 dye chemistry and ABI 3730XL DNA sequencers and the sequencing primers (Integrated DNA Technologies, Coralville, IA, USA) were designed to anneal approximately at every 400 bases across the templates, which enabled a nine-fold average sequence redundancy. To verify certain sequences, additional cycle sequencing involved direct sequencing from the full-length extracted genome DNA. Chromatogram data was assembled using Seqmerge (Wisconsin Package Version 10.3, Accelrys Inc., San Diego, CA, USA) and Phred/Phrap base-calling and assembly software and Consed for sequence editing (Balbas and Gosset, 2001; Domi and Moss, 2002) . ORFs were identified and alignments performed using MacVector 6.5.3 (Oxford Molecular Ltd.).
Estimation of nucleotide substitution
TPV-Kenya and TPV-RoC were compared 25,000 bp at a time by using a base-by-base pairwise comparison matrix containing 144,565 nucleotide positions. Nucleotide differences were analyzed for transversions and transitions.
Results
Two TPV isolates from infected humans either living (TPVKenya) or traveling (TPV-RoC) through equatorial Africa were sequenced, which provided an opportunity to investigate the evo- lutionary diversity of two TPVs that spanned 50 years and were from two different African countries.
Genome architecture of TPV
In GenBank there are sequences of TPV-Kenya that represent approximately 8 kbp of the total genome (GenBank accession numbers AY253325, AF245394 and AF153912); these sequences are about 98% identical to cognate sequences in a reported YLDV genome sequence (Lee et al., 2001) . In order to sequence the two TPV isolates described here, PCR amplicon and cycle sequencing primers were designed by using the reported YLDV sequence. The determined sequences of TPV-Kenya and TPV-RoC comprised 144,565 and 144,553 bp, respectively, 96% of which encode for putative ORFs. Both viruses are 73% A + T-rich, which is consistent with the other sequenced yatapoxviruses (YLDV 73% A + T and YMTV 70% A + T) Lee et al., 2001) . By comparison with the YLDV sequences, the TPV sequences lack the putative concatemer resolution domain proximal to the hairpin-loop termini. However, the two TPV isolates were sequenced to within 20 bp of cognate reported YLDV genomic sequences (Lee et al., 2001) .
TPV-Kenya and TPV-RoC encode 156 and 155 distinct ORFs, respectively (Table 2 ). All ORFs that were reported for YLDV are present in both isolates of TPV, with two exceptions-ORF 11L and ORF 23.5L (Fig. 1) . TPV-Kenya 11L has a premature stop codon at codon 236, which results in a truncated ORF (Fig. 1A) . Approximately 80 bp downstream of the 11L stop codon in TPV-Kenya, a putative ORF corresponding to the second half of the 11L ORF is present and may be transcribed as a distinct gene product. The two ORFs in TPV-Kenya are denoted 11.1L and 11.2L (Fig. 1A and Table 2 ). The two predicted ORFs have been identified previously and were annotated in GenBank. TPV-Kenya 11.1L was previously labeled TPV ORFL7R (accession number AAD46181) and TPV ORFL8R (accession number AAD46182). The ORF 11.2L is identical to TPV ORFL4R (accession number AAD46179), which indicates that this truncated ORF has been independently identified. In contrast, the 11L ORF in TPV-RoC is not truncated. The TPV-RoC 11L-encoded protein is an ankyrin repeat protein that contains a predicted F-box domain ( and WR019 range from 558 to 675 amino acids and contain 7-14 predicted ankyrin repeats ( Fig. 2A) . While all proteins except for VACV WR019 contain the entire predicted F-box domain , there is significant sequence similarity outside of the domain (Fig. 2B) . It may be that the sequence, found between the last predicted ankyrin repeat and the start of the F-box domain, acts as an important functional determinant of the proteins. The fact that 11L is truncated in TPV-Kenya suggests that all 14 ankyrin domains are not required to remain functional. Alternatively, the potential gene products from ORFs 11.1L and 11.2L might interact and form a functional complex. A previously unidentified ORF was annotated between ORFs 23L and 24L of YMTV and denoted 23.5L . A truncated ortholog was found in YLDV. We find that neither isolate of TPV contains a full-length copy of this predicted ORF, as compared with YMTV. However each isolate encodes for a truncated version of the 23.5L (Fig. 1B) . TPV-Kenya encodes a 50 aa ORF that aligns to the carboxy half of YMTV 23.5L and is 98% identical. In contrast, TPV-RoC encodes a 38 aa ORF which is 71% identical to the amino terminus of YMTV 23.5L (Fig. 1B) . A transversion at position 17890 changes a tyrosine (TPV-Kenya) to a stop codon (TPV-RoC) causing premature termination of TPV-RoC 23.5L. As well, an insertion at position 17994 changes a string of thymines from T5 (TPV-RoC) to T6 (TPV-Kenya) and disrupts the coding from the downstream start codon on the minus strand.
Overall nucleotide comparative analysis
Comparison of the two TPV isolates on a nucleotide-bynucleotide basis indicates 35 changes across a pairwise sequence alignment of 144,565 nucleotide positions. Thirty-one of the changes were within predicted coding regions and could be divided into 13 transitions, 12 transversions and 6 deletions. Six transitions cause only synonymous codon changes. The other seven transitions resulted in non-synonymous substitutions within the coding sequence resulting in a single amino acid difference between the comparable protein sequences between the two TPV isolates. Six of these non-synonymous events resulted in relatively non-conserved changes. In contrast, 11 of the 12 transversions were non-synonymous and 10 of the 11 non-synonymous changes were to non-conserved amino acids. An A to C transversion at position 10241 changes a stop codon (TAG) on the minus strand template of 11.1L of TPV-Kenya to a glutamic acid in TPV-RoC resulting in a fulllength 11L ORF, comparable in length to the other poxvirus 11L orthologs. The 6 deletions represent the absence of one of four hexanucleotide direct repeats (CATATA) present at the 5 end of ORF 128L in TPV-RoC. The result of this hexanucleotide deletion results in a shortened 128L amino acid sequence in TPV-RoC (MYMYMYNY) compared to TPVKenya (MYMYMYMYNY). The other sequence differences that distinguish the TPV isolates include two transitions in non-coding sequences and an insertion in the intergenic region between ORFs 23L and 23.5L of a thymidine (T) repeat; T8 in TPV-RoC compared to T7 in TPV-Kenya.
Conserved DNA sequence near the termini
While examining the intergenic regions of TPV, a predicted 58-codon ORF was found within the TIR, located between the extreme terminus and 1L/151R. The ORF is transcribed toward the center of the genome and in the opposite direction of all ORFs 20 kbp from either end of the DNA (Fig. 3) . The ORF is also present in the YLDV sequence in GenBank but was not described in the publication, possibly due to the ORF mirrorimage orientation, which might contribute to dsRNA production (Lee et al., 2001) . The comparable region in YMTV was previously described as a pseudogene . To determine the likelihood that the ORF encodes a functional protein, a translated BLAST search (tBLASTx) was used to find homologous amino acid sequences. Several poxviruses, including YLDV, YMTV, LSDV and DPV, have sequences that show significant homology to the TPV query sequence; however, the nucleic acid sequences in YMTV, LSDV and DPV lacked a start codon. Therefore, the cognate sequences appear to represent either a pseudogene or a terminal DNA sequence conserved across genera. The region of nucleotide conservation consists of a 300 nucleotide segment that surrounds the predicted 58-codon ORF. The TIR regions of all chordopoxviruses were compared for similarity to these conserved sequences. The 300 (Table 3) . While this sequence exhibits homology across genera, the highest identities were found between members within a particular genus (Fig. 4) . A highly conserved sequence, present in the TIR region of orthopoxviruses, has been described previously (Shchelkunov et al., 1998) . However, the sequence appears to be distinct from the 300-bp Yatapoxvirus sequences and their cognates (Fig. 4) . Since new sequence information has become available from the time that this DNA region was last compared and reported (Baroudy et al., 1982; Shchelkunov et al., 1998) , selected orthopoxvirus sequences from CPXV, VACV, VARV, HSPV, TATV, ETCV, MPXV, CMLV and RCNV (acronyms described in Table 1 ; data not shown) were aligned and compared. Interestingly, CMLV lacks this entire sequence and RCNV encodes for only 137 nucleotides of the ∼300-bp conserved sequences. As previously described, these orthopoxvirus nucleotide sequences are highly homologous, sharing 87-100% sequence identity ( (Shchelkunov et al., 1998) and data not shown).
Identification of two conserved poxvirus gene families
Two TPV intergenic regions contained potential ORFs below the commonly used codon limit of 50. The ORFs are located between 27L and 28.5L, and 42L and 43L; they were designated 28L and 42.5L, respectively (Table 2) . To determine if these ORFs likely encode functional proteins, tBLASTx was used to find homologous sequences. However, due to the small Fig. 4 . Identity matrix of a conserved sequence found in the TIR of various poxvirus species. An approximately 300 bp region within the TIR of the poxviruses listed was aligned using ClustalW and percent identity was determined. Poxviruses are listed in order of relatedness for this particular sequence.
size of these ORFs, BLAST searches were unable to detect any homologous sequences and thus the search for homologues was performed manually.
The ORF 28L is present in both TPV and YLDV; the predicted ORF encodes for a potential protein of 48 aa. The region between orthologues of 27L and 28.5L of the genomes of species of chordopoxviruses currently available were examined. Orthologues were identified in all orthopoxviruses, parapoxviruses, SWPV, and the unclassified poxviruses DPV and Crocodilepox virus (CRV) (Fig. 5a) . However, the closely related capripoxviruses lacked a homologous gene in this region. Members of the genera Avipoxvirus, Leporipoxvirus and Molluscum contagiosum virus also lacked the sequence (Table 4) .
The ORF 42.5L is predicted to encode a 30 amino acid protein. A search of all poxvirus genomes for orthologues showed that ORF 42.5L is highly conserved among the Chordopoxvirinae and orthologues in all vertebrate poxviruses currently sequenced were found (Fig. 5b) . The nucleotide sequence has previously only been reported as a putative ORF of 32 codons for sequenced leporipoxviruses (Cameron et al., 1999; Willer et al., 1999) . Additionally, an orthologue, VACV ORF WR220, has been annotated in sequences at http://www.poxvirus.org/ (Table 4) .
Discussion
The virtually complete genome sequences were determined for two isolates of TPV recovered from clinical cases that occurred about 50 years apart. Annotation of the determined sequences revealed a single ORF difference between the two genomes. The ORF 11L is truncated in TPV-Kenya compared to TPV-RoC, which suggests that even the small genetic variability present between the two genomes has possibly resulted in changes to the proteome. A TPV nucleotide sequence is conserved in the TIR region of several poxviruses closely related to the yatapoxviruses. An analogous but distinct DNA sequence located in the correlate region of the genome is also present in the orthopoxviruses. Finally, two novel gene families are proposed following identification using comparative genomics.
One of the difficulties that arise when limited sequences are available for comparison is that, ORFs that do not meet the standard search parameters can be difficult to assign. Many poxvirus ORFs are quite small and it is unlikely that they will achieve a significant match using BLAST. Selected available sequences from chordopoxviruses were used to determine significantly conserved sequences in TPV. One approach was to compare a tentatively designated ORF and examine areas of several poxviruses that contained highly conserved ORFs flanking this region.
Using this method, two previously unidentified gene families, 28L and 42.5L, which are clearly present in members of several other poxvirus genera, were identified. The region between ORFs 27L and 28.5L was previously assigned to a large but overlapping ORF (28R) that was identified in YLDV (Lee et al., 2001) ; therefore ORF 28L was not originally identified as a putative gene. However, the evidence that orthologs of 28L are encoded by a variety of poxviruses suggests that 28L encodes a protein product (Table 4) . Conversely, 42.5L had previously only been identified in the leporipoxviruses but this ortholog is highly conserved among the Chordopoxvirinae. Due to its extremely small size (30-44 codons), it is unlikely to have been considered an ORF previously. On close inspection, however, 42.5L has a conserved early and late promoter (data not shown; www.poxvirus.org/) and the putative amino acid sequence shares 62-77% identity with orthologs among other chordopoxviruses.
These properties should be sufficient to designate 42.5L as a putative ORF. Other related predictive methods, such as analyzing purine skew of the ORFs (Da Silva and Upton, 2005), were not used since both of these ORFs had clear orthologues in other poxviruses.
In addition to identifying new putative ORFs, a conserved DNA sequence in the TIR of several genera of poxviruses was described. An analogous sequence that exhibited a similar organization pattern, but did not show significant homology, has been identified previously in the orthopoxviruses. A possible role in DNA replication for the orthopoxvirus conserved sequence in the TIR region has been proposed (Shchelkunov et al., 1998) , but since there is considerable divergence of the sequence across genera, a precise mechanism is unclear and may be structural rather than sequence-specific. Structural elements such as Holliday Junctions and cruciform structures have been shown to be important for resolution of concatenated DNA into unit length DNA molecules (Palaniyar et al., 1999) . This sequence may fulfill its function in a similar way, relying on a structural motif.
If the conserved sequence does, in fact, play a role in DNA replication, then a sequence that performs a similar function must be present in all poxviruses. Therefore, an attempt to define this sequence in other poxvirus species was made. It is possible to find sequences in other poxvirus TIRs that share some homology to the conserved sequence; however, without more sequence information from viral members within genera it is difficult to clearly define since there is a lack of sequence information for viral members within other poxvirus genera, including two genera composed of only a single member each (Suipoxvirus and Molluscipoxvirus).
Through a comparative genomics approach, we have identified important additional features of yatapoxviruses noted by prior sequencing of YMTV and YLDV. The results presented indicate a relatively slow evolutionary rate, which suggests a relatively stable, confined evolutionary niche. From this standpoint, the primate host-range of TPV and YLDV in the central region of the rainforest of Africa appears to have remained the same, at least for 50 years, despite extensive ecological changes, particularly urbanization of forested areas. There have been suggestions that an insect vector might be involved in Yatapoxvirus transmission because TPV and YLDV infection are localized to one or two lesions and not systemic like smallpox (Damon, 2007) . Maintaining a lifecycle that includes a potential non-human primate reservoir, an insect reservoir, as well as a human reservoir suggests that a constant genetic selective pressure might be maintained on the TPV and YLDV genome, which would lower the likelihood of sequence divergence. However, this may not explain the lack of nucleotide changes in the third bp position and it is unlikely that the DNA polymerase encoded by Yatapoxviruses has a high enough fidelity to explain this phenomenon. The codon bias present in many Yatapoxvirus genes represent the most rarely used codons in mammalian cells (Barrett et al., 2006 ). An alternative explanation to explain the third position conservation is that this codon bias is required for efficient gene expression in a variety of distinct host species. In contrast, a poxvirus that is able to infect several different hosts, e.g. Cowpox virus, which appears to be parental to the orthopoxviruses, has a sequence that is more amenable to changing with different hosts.
